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INTRODUCTION 
Composite materials are complex structures widely utilized in modern industry. 
Numerous nondestructive testing techniques are used to examine these composites for 
manufacturing flaws, including ultrasonic testing. Normally the reinforcing fibers in a 
composite material are aligned in a prescribed fashion, from a simple unidirectional 
composite to a complex composite laminate lay-up. Defects caused by manufacturing or 
in-service use can resuh in buckling or warping of the fibers. This is an important concern 
when dealing with thick composites. 
A new technique is presented to evaluate the fiber orientation in an orthotropic 
composite. Acoustic tomography is used to reconstruct the local variations in fiber angle. 
Misalignments in fiber angle ranging from one to ten degrees are clearly visible in the 
reconstructions. Ray bending and the anisotropic nature of the material are taken into 
account by the use of a finite difference solution to the wave equation to determine the 
travel times through the sample. 
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THEORY 
In a previous paper the authors used a traditional ART technique to reconstruct 
velocities [I]. When reconstructing material properties other then velocity, it is 
advantageous to use a different method, one that treats the desired as a function ofthe 
material stitfuess and consequently a function of the travel times. 
A full-field wave propagation approach can bc used to determine the time delays 
through the material. The wave equation, 
(I) 
fully accounts for the anisotropy and directional dependence of the material. A finite 
difference formulation is used to calculate the displacements. The arrival of the quasi-
longitudmai wave is recorded at specified receiver locations. The time delay for each 
source-receiver pair is sent to the tomographic algorithm and adjustments are made to the 
stiifuesses (CiJkl ) of the material. The tomographic algorithm used in this work is a based on 
the work of Kline et al. [2]. They used a similar formulation to reconstruction Young's 
modulus of the epoxy matrix in a uniaxial fiber composite. The ray path information is not 
required in this formulation, eliminating the need for a computationally intensive ray-tracing 
program. 
The wave equation and therefore the time delays of the source-recciver pairs are a 
function of the material stiffuess. 
(2) 
The c,; of a composite laminate are a function of many different parameters. In order to 
reconstruct the angle of rotation in each pixeL it is assumed that the only factor effecting the 
C;j of the material is the alignment of the fibers. For simplification, only the misalignment of 
the angle from the y-axis in each pixel is considered. 
(3) 
Now the measured time delay of each source-receiver pair is a function of the fiber angle in 
each of the n pixels in the grid. 
The current values of the rotation angle can be adjusted by an amount, t,.B, so that the 
calculated time delays, tkl, match the measured time delays, Tkl. 
(4) 
(5) 
Assuming small adjustments the estimates of fiber angle. the above equation can be 
linearized by a Taylor series. Using a least squares technique to minimize the error results 
in the following correction factor for the angle of fiber rotation, e. 
lllO 
(6) 
The fiber angles are updated during each iteration by 
(7) 
In the above equation, A. represents an artificial damping factor between 0 and 1. 
The determination of the correction factor in equation (6) requires a calculation of 
iJflcl 
the partial derivative, iJO . . This partial derivative can be computed by a first-order 
I 
forward finite differences technique. 
qkl fkl (O+AO)-f kl «() 
iJ(}i A() 
(8) 
The function, f IcI , is the time delay for the kith ray path. The derivative is calculated by 
perturbing the fiber angle a small amount, Ae, in each pixel and recording the change in the 
time delay in each ray path. The time delays are found from the finite difference solution to 
the wave equation. 
The finite difference technique used to calculate the travel times was previously used 
by Harker and Oglivy. [3] The material is treated as a continuum and the material 
properties are allowed to vary with position along with the displacements. 
Wang (4) used central finite differences to program equation (9) in parallel on the 
Connection Machine. The same formulation was used in this study. 
(9) 
IcI . 
Before calculating the derivative ~. ,it must be determined whether the time delay curve 
I 
is linear and the appropriate step size for the finite difference formula, Ae, must be found. 
The effect of the angle of rotation on the time delay was studied by measuring the time 
delays while adjusting the angle of rotation for a single pixel by Y2 degree increments from -
20 to +20 degrees. 
Figure 1 shows the configuration of the source-receiver locations and the discretized 
grid. The time delay curves for a single source and a group of receivers located on the 
lower left side of the sample are shown in Figure 2. The relationship between the angle 
change and the time delay is nonlinear. This nonlinear relationship indicates that Ae should 
be small (one degree or less) or possibly a higher order approximation to the derivative 
should be used in the finite difference formula. 
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Figure 1 Source and receiver locations for time-delay computation. Sources are placed 
along the top of the sample. Cross-hatched area represents rotated pixel. 
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Figure 2 Effect of angle change (-20 degrees to + 20 degrees) in a single pixel. Receivers 
17-20 are located on the lower left side ofthe sample and the single source is located on the 
upper right. 
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RECONSTRUCTION RESULTS 
Good results were obtained using a first-order approximation to the derivative in 
equation (6). The step size, .18, was adjusted in order to improve the reconstructed images. 
Figure 3 shows the tomographic reconstruction of a ten-degree rotation of four pixels. The 
plan view and the three-dimensional view of the model and the reconstruction are 
presented. The pixels aligned at zero degrees fluctuate above and below the zero line from 
-0.02 to + 0.02 radians. (-1.0 to +1.0 degrees) There is a sharp distinction between the 
rotated and non-rotated pixels. The four rotated pixels converge to an average rotation of 
1.71 radians or 9.8 degrees. The step-size used was .18=0.5 degrees. 
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Figure 3 Tomographic reconstructions ofa ten-degree rotation. The model is shown in (a) 
and (b) as a 2-D contour map and a 3-D represemation respectively. The reconstructed 
images are shown in (c) and (d). 
llI3 
There was concern that the algorithm may not be able to discern small 
misalignments due to the noise around the zero value in the previous reconstruction. The 
same configuration discussed above was run for a two-degree misalignment in a single 
pixel. The results are shown in Figure 4. The perturbation used was ~a=O.25 radians. The 
reconstruction is more accurate for a smaller angle oftwo degrees then for a ten-degree 
rotation. This is because the formulation of the wave equation used in the wave 
propagation routine is best suited to small changes in the Cijkl • 
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Figure 4 Tomographic reconstructions of a two-degree rotation. The model is shown in 
(a) and (b) as a 2-D contour map and a 3-D representation respectively. The reconstructed 
images are shown in (c) and (d). 
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The lowest level of fiber misalignment that this algorithm could detect was 
determined by searching for smaller and smaller rotations. Without noise (synthetic data) 
the level of minimum detection is one to one-half degree rotation in a single pixel. Figure 5 
shows the reconstructed images for progressively smaller rotations starting with one degree 
and going to one-tenth of a degree. 
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Figure 5 Tomographic reconstruction for small rotations: (a) 1.0 degree ,(b) .50 degree, (c) 
.25 degree and (d) .10 degree. A single pixel has been rotated. The vertical axis represents 
the angle of fiber rotation in radians. 
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CONCLUSIONS 
An algorithm for acoustic tomographic reconstruction of fiber angle in orthotropic 
composites was developed. The fiber angle about the y-axis was reconstructed using a two-
dimensional solution. This technique was designed for the detection of buckling or warping 
offibers in a thick composite. 
The relationship between travel time and fiber orientation is not linear, but a first-
order approximation to the derivative was sufficient if the step size was sufficiently small. 
Changes in fiber angle orientation from ten degrees to one degree were detected. The 
quantitative amount of rotation is determined as well as the presence of a misalignment. 
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